The manufacture of lubricating oil base stocks (lubes) consists of a series of processes which are designed to separate undesirable components of a crude oil feedstock (aromatic components, resins, and asphaltines) from components which have end product characteristics that are desirable (paraffinic and naphthenic base stocks) (Gary and Handwerk, 1984) . In general, the feedstock used in lube refining is the unvaporized material (boiling point ranging from 650 to over 1000°F) that remains after atmospheric distillation of crude oil. The atmospheric residuum is subjected to vacuum distillation where it is separated into four fractions: vacuum tower overhead, light neutral distillate, heavy neutral distillate, and vacuum residuum. Of these fractions, only the latter three are used in producing lubricating oils. Each of these fractions has a different boiling range, viscosity, and mixture of chemical components [nonaromatics (paraffins, naphthenes) , polycyclic aromatic compounds (PAC), resins, and asphaltines].
To achieve the desired lube base stocks, the two distillate fractions and the vacuum residuum are processed further. The vacuum residuum undergoes propane deasphalting, a process that removes the asphaltines, most of the resins, and some PAC. At this point, all three fractions contain primarily paraffins, naphthenes, and PAC. Each fraction is further processed to reduce aromaticity by one of several methods. One commonly used procedure is extraction with a solvent of high specificity for aromatic compounds (e.g., phenol, methyl pyrrolidone, furfural, dimethylsulfoxide, and sulfolane). A distillate aromatic extract (DAE) is the by-product of the solvent extraction (solvent refining) of a distillate base stock. A residual aromatic extract results from the solvent extraction of a deasphalted oil. Residuum-and distillatederived base stocks can be blended to produce oils of appropriate viscosity. DAE is used in the manufacture of carbon black and as a rubber extender oil. The broad classes of chemical components present in DAE are listed in Table 1 .
Although there are no data available in the published literature on the systemic toxicity and developmental toxicity of DAE in rats, there are data available on mixtures with similar analytical profiles. Crude oil is toxic to the developing rat (Khan et al., 1987; Feuston et al., 1992) . Clarified slurry oil (CSO), a refinery stream produced by catalytically cracking heavy oils, is systemically toxic and developmentally toxic (Feuston et al., 1989) when administered dermally to rats. CSO contains the same classes of chemical components as DAE and is extremely rich in aromatic components (Feuston et al., 1991) . Developmental toxicity has been demonstrated for complex organic mixtures derived from coal liquefaction not only when applied dermally (Zanger et al., 1989) , but also when administered via inhalation (Springer et al., 1982) and oral gavage (Hackett et al., 1984) . These complex mixtures have certain components which are similar to those of refinery streams (Springer et al, 1986) .
A relationship between select end points of toxicity and specific chemical classes of components found in petroleum process streams has been demonstrated (Feuston et al., 1994) . Aromatic fractions of refinery streams, including 3 -7 ring PAC, are carcinogenic Blackburn et al., 1988) , as well as mutagenic (Blackburn et al., 1984 (Blackburn et al., , 1986 . A high correlation between the results in the Ames test and both PAC concentration and systemic/developmental toxicity suggests that toxicity may result from the PAC metabolites responsible for carcinogenic and mutagenic effects (Feuston et al., 1994) . Statistical analyses of data from systemic and developmental toxicity studies performed on refinery streams applied dermally to rats have demonstrated a relationship between end points used to measure toxicity (e.g., organ weights, serum chemistry parameters, and resorptions) and increasing levels of 3-5 ring and 4-5 ring PAH, 3-7 ring PAC, sulfur-containing PAC, and nonbasic nitrogen-containing PAC (Feuston et al., 1994) . This paper details the systemic and developmental toxicity data on DAE that contributed toward establishing that relationship.
MATERIALS AND METHODS

Test Material
DAE (CAS #64742-04-7) was obtained from a Mobil Oil Corp. refinery. Furfural was the solvent used for extraction.
Chemical Characterization (Table I)
Chemical characterization of DAE was carried out using standard Mobil or ASTM procedures for the determination of nonaromatics and aromatics and employing standard elemental analyses for estimating the amount of total nitrogen, nonbasic nitrogen, and sulfur present in the test material. Silica gel column chromatography separated the test material into nonaromatic and aromatic fractions. Mass spectral analysis of the aromatic fraction gave the chemical class distribution shown in Table 1 . Analyses were performed at Mobil's analytical laboratory in Paulsboro, New Jersey.
Animal Data
Systemic toxicity. Male and female rats (TAC:N(SD)fBR MPF) were obtained from Taconic Farms (Germantown, NY) at approximately 28 days of age. They were acclimated to the testing facility for 2 weeks before a 1-week pretreatment period was initiated. The animals were provided Purina Certified Lab Chow ad libitum. Drinking water was provided, ad libitum.
by an automatic watering system. Animals were housed individually and were maintained in air-conditioned rooms set to maintain 20-22°C, 40-60% relative humidity, and 12-hr light-dark cycles. Each animal was individually identified by a numbered metal ear tag.
Developmental toxicity. Nulliparous female Sprague-Dawley-derived rats (VAF/Plus Crl:CD (SD) BR) were received from Charles River Breeding Laboratories (Kingston, NY) at approximately 9 weeks of age and were bred at 11 weeks of age in a 1:1 ratio to male rats. Females positive for sperm plug and for sperm in the vaginal fluid were considered to be at Day 0 of gestation and were then individually housed. Husbandry conditions were the same as those described for systemic toxicity studies.
Experimental Design
The basic study design has been previously described for systemic and developmental toxicity (Feuston et al., 1989) studies. Briefly, undiluted (neat) DAE was applied on the backs of rats at the following dose levels: systemic toxicity-0, 30, 125, 500, and 1250 mg/kg for 13 weeks, 5 days/week; Developmental toxicity-0, 8, 30, and 125 mg/kg on Gestation Days (GD) 0-19, 500 mg/kg on GD 0-16, and 1000 mg/kg on GD 10-12. In all cases, the dose, which was based on the animal's most recently recorded body weight, was applied once daily by volume from a syringe. In no case was the dosing site covered. Elizabethantype collars were worn to minimize ingestion of the test material. End points of toxicity evaluated included systemic toxicity-body weights (weekly), hematology (Weeks 5 and 13), serum chemistry (Weeks 5 and 13), organ weights, urinalysis, and pathology; developmental toxicity-maternal: body weight, food consumption (data not presented), hematology, serum chemistry (except at 1000 mg/kg), and liver and thymus weights; fetal: resorption, anomalous development [gross, skeletal (Inouye, 1976; Kimmel and Trammel, 1981) , and visceral (Wilson, 1965 (Wilson, , 1973 ], and body weights.
In the systemic toxicology study, each group initially started with 10 male and 10 female rats per group. Animals were sacrificed by overexposure to carbon dioxide during Week 14 of study. Group size for the developmental toxicity evaluations ranged from 10 to 15. The screen employed was designed to address employee concerns resulting from exposure to refinery streams and was mandated by an internal product stewardship program. Since the source of crude oil, as well as its subsequent processing, dictates the chemical composition of the resulting complex mixture, the potential number of refinery streams and blends is large. Testing of each of these materials for the potential to cause adverse health effects becomes impractical and cost prohibitive. To test a large number of refinery streams and decrease expenses, less than 20 pregnant animals per group were used. This screen has been effective in identifying numerous refinery streams as potential developmental toxicants (Feuston et al, 1994) . Rationales for studies of similar design have been presented elsewhere (Harris et al., 1992; OECD, 1992) . The pregnant animals used in the developmental toxicity evaluations were sacrificed by overexposure to diethyl ether on Gestation Day 20.
Data were collected, processed, and analyzed using computerized data acquisition systems. Body weight, serum chemistry data, hematology, and organ weight data from the systemic toxicity study were analyzed by analysis of variance (ANOVA) and associated F test followed by StudentNewman-Keuls test, provided that statistical significance was achieved with ANOVA. Serum chemistry data were analyzed by ANOVA followed by Tukey's multiple comparison test. Data generated in the developmental toxicity study, including maternal body weights and food consumption data, cesarean section data, and fetal body weight data, were analyzed by AN-OVA followed by group comparisons using Fisher's exact or Dunnett's test. Fetal gross, visceral, and skeletal data were analyzed by ANOVA followed by Fisher's exact test. Maternal serum chemistry, hematology, and organ weight (liver and thymus) data were analyzed by ANOVA followed by Tukey's multiple comparison test. Differences between control and treated animals were considered statistically significant only if the probability of the difference being due to chance was less than 5% (p < 0.05).
RESULTS
Systemic Toxicity
Clinical Observations and Skin Irritation
Clinical signs indicative of systemic toxicity were observed at dose levels in excess of 125 mg/kg and included pallor and coolness to touch. All of the animals exposed to 1250 mg/kg, and all of the males and 3/10 females exposed to 500 mg/kg, were either found dead or became moribund and were terminated prior to scheduled sacrifice. Minimal skin irritation was observed at the site of dosing in animals exposed to DAE.
Body Weights
Mean body weights for select time points are presented in Table 2 . Male rats exposed to 500 mg/kg or greater and female rats exposed to 30 mg/kg or greater gained significantly less weight than the controls.
Clinical Chemistry
Significant decreases in red blood cell (RBC) count, hemoglobin and hematocrit levels, and platelet count were seen during Week 13 in male and female rats at dose levels of 125 mg/kg or greater (Table 3) . Some of these effects were seen as early as Week 5. Serum chemistry parameters were also adversely affected in male and/or female rats exposed to DAE (Table 4) .
Urinalysis
Analyses revealed no differences among the treatment groups for the parameters evaluated.
Pathology
Focal areas of red discoloration and/or generalized reddening were observed at the time of necropsy in the brain, spinal cord, testes, and stomach of many of the rats dosed at 500 or 1250 mg/kg. Lymph nodes, both subcutaneous and internal, had a widespread treatment-related incidence of gross reddening and enlargement. At 125 mg/kg or greater, the thymus was reduced in size. The epididymides, prostates, seminal vesicles, and testes of most of the males dosed at 500 or 1250 mg/kg were also characterized as "small." Exposure to DAE altered liver and thymus weights (Table  5 ). In general, an increase in liver weights and a decrease in thymus weights were seen in male and female rats dosed at levels as low as 30 mg/kg. A significant decrease in brain weight was also observed in male rats exposed to 125 mg/kg (data not presented). Treatment-related and generally doserelated histopathologic changes were observed in adrenals, bone marrow, kidneys, liver, lymph nodes, skin (treated), stomach, and thymus. Select microscopic findings are presented in Table 6 .
Developmental Toxicity
Maternal Toxicity
Clinical observations. Dose-related increases in the number of pregnant animals exhibiting red vaginal discharge occurred in all groups exposed to DAE. No other clinical signs of toxicity were observed.
Body weight gain. Significant reductions in body weight gain throughout gestation and net body weight gain occurred at dose levels of 125 and 500 mg/kg; a summary of select data is presented in Table 7 . Body weight gain was also decreased in animals exposed to DAE at a dose level of 1000 mg/kg.
Clinical chemistry. A summary of select hematology and serum chemistry data is presented in Table 8 . Of the hematology parameters evaluated, only platelet levels and white blood cell (WBC) counts were adversely affected in pregnant animals. Numerous serum chemistry parameters were affected by exposure to DAE.
Organ weights. Thymus weights were significantly reduced and the absolute and/or relative liver weight increased at dose levels in excess of 30 mg/kg (Table 7) . 40.8** 11.9** 258** 6.64** " N = 10 except for females: N = 9 (125 mg/kg), N = 1 (500 mg/kg). * Significantly decreased at Week 5 also. ' Animals in this group were previously found dead or sacrificed. * Significantly different from control (p < 0.05).
Reproductive effects. Reproductive data are summarized 9). Statistical significance was not achieved for body weight in Table 9 . Implantation was not adversely affected by exposure to DAE. The number of dams with no viable offspring was increased at dose levels of 125 and 500 mg/kg.
Fetal Toxicity
Fetal body weights. Mean fetal body weights were deat 500 mg/kg because only one litter had viable fetuses.
Embryolethality. The mean number of resorptions/litter was significantly increased at dose levels in excess of 30 mg/kg. Although statistical significance was not achieved, the observed twofold increase in resorptions (mean %) observed at 30 mg/kg is believed to be of biological significreased at dose levels of 125, 500, and 1000 mg/kg (Table cance (Table 9) . 6.4 ± 0.5 22.0 ± 3.2 16.5 ± 3.7 0.7 ± 0.2 27 ± 5 101.2 ± 12.2 10 ± 5* (100%) 0.19 ± 0.06* (-37%) 0.9 ± 0.3 Females 52 ± 10 118.0 ± 15.6 6.7 ± 0.5 34.1 ± 94* (55%) 18.9 ± 2.7 0.8 ± 0.2 21 ±4** (-25%) 132.0 ± 33.5* (33.5%) 11+3* (120%) 0.17 ± 0.03* (-43%) 0.3 ± 0.3* (-70%) 50 ± 9 176.2 ± 37.6** (83%) 6.0 ± 0.5* (-6%) 38.1 ±9.1* (73%) 18.6 ± 2.0* 0.6 ± 0. 
Fetal development.
In general, development was not compromised in fetuses exposed in utero to DAE throughout gestation. The only noteworthy effect observed was a significant increase in the incidence of incompletely ossified skull bones in fetuses exposed in utero to 125 mg/kg (control = 21%, 125 mg/kg = 87%, p < 0.01). When the period of exposure was restricted to GD 10-12 (1000 mg/kg), 2 of the 114 fetuses evaluated had cleft palates and were edematous. Ossification delays of various skeletal elements (cranial elements: control = 21%, 1000 mg/kg = 88%, p < 0.01; thoracic vertebrae: control = 18%, 1000 mg/kg = 77%, p < 0.01) and defects in costal cartilage development (control = 0%, 1000 mg/kg = 20%, p < 0.01) were also significantly increased in fetuses exposed in utero to DAE on GD 10-12.
DISCUSSION
Based on our knowledge of the chemical components of refinery streams and their probable relationship with producing toxic effects in rats, it was not surprising that DAE is a systemic and developmental toxicant. Comparable toxic effects, although more severe, have been observed in rats exposed dermally to CSO Feuston et al., 1989) , a refinery stream with a chemical class profile similar to that of DAE. As was observed with CSO, target organs of DAE-induced toxicity, based on organ weight and histopathology data, included liver, thymus, and bone marrow. In general, results of clinical chemistry evaluations support these findings. Systemic toxicity was comparable in pregnant and nonpregnant female rats. Although a greater number of serum chemistry parameters were affected in pregnant rats than in nonpregnant female rats, some of these differences can be attributed to the effect that pregnancy has on the normal serum chemistry profile (Yang et al., 1988) . Many of the serum chemistry parameters adversely affected in pregnant animals were restricted to groups in which an elevated incidence of resorptions was observed. Animals that have a high incidence of resorption have serum chemistry profiles comparable to that of nonpregnant animals (Feuston et al., 1987) .
In addition to producing maternal toxicity, DAE was developmentally toxic as well. When exposure extended throughout most of gestation, adverse developmental effects observed included embryolethality and growth retardation; no evidence of teratogenicity was apparent. Not only were these same effects observed when the exposure period was limited to 3 days (Gestation Days 10-12), but the teratogenic potential (i.e., cleft palate) of the material was demonstrated as well. Although the incidence of cleft palate was low (1.8%, p > 0.05), we consider this finding to be biologically significant. At our facility, we have only observed this malformation in 1 control fetus (total number of control fetuses examined = 5845; total number of litters examined = 397); this fetus had microphthalmia and cleft lip as well. Also, developmental toxicity data from 15 testing laboratories (MARTA, 1993) indicate that cleft palate is indeed an uncommon observation; the "collective" fetal incidence of cleft palate was 0.01% (9 affected fetuses/88270 fetuses examined). Cleft palate has been observed in fetuses exposed to CSO via dermal application (Feuston et al., 1989) . Recently we have demonstrated that exposure of pregnant rats to CSO or DAE via gavage on a single day of gestation also produces cleft palate in the developing fetuses (Feuston et al., 1991) .
Complex organic mixtures (COM) derived from the conversion of coal to liquid synfuels produce systemic and developmental toxicities similar to that produced by DAE. Administration of a high-boiling COM to rats via gavage for 13 weeks produced an elevation in liver weights and adverse hematological effects (McKee etal, 1987) . Dermal administration of this material to pregnant rats during Gestation Days 11-15 produced adverse effects on the developing conceptus comparable to those observed in the present study including embryolethality, growth retardation, cleft palate, edema, and reduced cranial ossification (Zanger et al., 1989) . The composition of the COM used in these studies was Downloaded from https://academic.oup.com/toxsci/article-abstract/30/2/276/1638873 by guest on 19 January 2019 similar to that of DAE: 20% aliphatics (nonaromatics), 58% polynuclear aromatic hydrocarbons (PNA), and 17% nitrogen-containing PAC (Springer et al, 1986; Zanger et al, 1989) . Chu et al. (1990) evaluated the teratogenic potential of three COMs with lower boiling points than that previously described. Evidence of maternal and developmental toxicity was observed, but none of the fractions were considered to be teratogenic.
Results from skin absorption studies have shown that nonaromatic components of refinery streams are not readily absorbed through the skin ) and therefore are not suspect for producing toxic effects. Aromatic components of petroleum streams can be absorbed through the skin and their toxic effects have been documented . Dermal application of PAC can produce skin cancer (Bingham et al., 1980; International Agency for Research on Cancer, 1983 , as well as systemic toxicity (Beck et al, 1982) . Dimethylbenz(a)anthracene, a PAC with known carcinogenic potential, has been shown to be teratogenic (Currie et al, 1970) . Based on chemical class composition and modified Ames test results, one would have predicted that DAE would be toxic. The results of this present investigation contributed toward establishing that relationship.
